Adipose tissue dysfunction plays a pivotal role in the development of insulin resistance in obese individuals. Cell culture studies and gain-of-function mouse models suggest that canonical Wnt proteins modulate adipose tissue expansion. However, no genetic evidence supports a role for endogenous Wnt proteins in adipose tissue dysfunction, and the role of noncanonical Wnt signaling remains largely unexplored. Here we provide evidence from human, mouse, and cell culture studies showing that Wnt5a-mediated, noncanonical Wnt signaling contributes to obesity-associated metabolic dysfunction by increasing adipose tissue inflammation. Wnt5a expression is significantly upregulated in human visceral fat compared with subcutaneous fat in obese individuals. In obese mice, Wnt5a ablation ameliorates insulin resistance, in parallel with reductions in adipose tissue inflammation. Conversely, Wnt5a overexpression in myeloid cells augments adipose tissue inflammation and leads to greater impairments in glucose homeostasis. Wnt5a ablation or overexpression did not affect fat mass or adipocyte size. Mechanistically, Wnt5a promotes the expression of proinflammatory cytokines by macrophages in a Jun NH 2 -terminal kinase-dependent manner, leading to defective insulin signaling in adipocytes. Exogenous interleukin-6 administration restores insulin resistance in obese Wnt5a-deficient mice, suggesting a central role for this cytokine in Wnt5a-mediated metabolic dysfunction. Taken together, these results demonstrate that noncanonical Wnt signaling contributes to obesity-induced insulin resistance independent of adipose tissue expansion.
Obesity is a major risk factor for insulin resistance (IR), which plays a key pathogenic role in type 2 diabetes. However, the pathophysiological mechanisms that link obesity and IR are incompletely understood. In this regard, ;15-25% of the adult obese population is resistant to the development of metabolic disease ("metabolically healthy obesity") by mechanisms that remain ill defined (1) . White adipose tissue (WAT) dysfunction is an essential hallmark of obesity-associated IR. However, different human WAT depots appear to contribute differentially to IR. Expansion of visceral WAT is strongly associated with increased metabolic risk (2) (3) (4) (5) , whereas expansion of subcutaneous fat has a very minor contribution (2) (3) (4) or, in some studies, even decreases the risk of metabolic dysfunction (5) (6) (7) . Thus it has been hypothesized that visceral adipose tissue is qualitatively different than subcutaneous adipose tissue, exhibiting specific properties that are linked to a higher risk of metabolic disorders, such as increased inflammation (8, 9) and defective adipogenesis (10) (11) (12) . However, the specific regulatory molecules accounting for the heterogeneity among fat depots remain to be determined. A number of studies have shown that subcutaneous and visceral WAT exhibit different patterns of developmental gene expression (13) (14) (15) . This has led to the hypothesis that the different developmental origins of the various fat depots contribute to its physiological, cellular, and molecular heterogeneity (16) .
Wnt proteins are secreted signaling molecules that have fundamental roles during embryonic development and have been implicated in numerous critical aspects of physiology and disease in the adult (17) . There are 19 Wnt family members in mammals, which frequently have overlapping or redundant functions. Wnts typically act in an autocrine/paracrine fashion and activate a number of different signaling pathways, typically classified as either canonical (b-catenin dependent) or noncanonical (b-catenin independent). In this regard, it is generally accepted that most Wnt proteins (e.g., Wnt1, Wnt3a, Wnt10b) preferentially activate b-catenin-dependent pathways, while a few Wnts (mainly Wnt5a and Wnt11) predominantly activate b-catenin-independent pathways. Wnts have fundamental roles in controlling cell proliferation, cell-fate determination, and differentiation during embryonic development and in the adult individual.
Evidence suggests that canonical Wnts play important roles in adipose tissue homeostasis by inhibiting the differentiation of adipose tissue progenitor cells (18) (19) (20) (21) (22) (23) . However, most of the studies published to date are based on in vitro experiments. One exception is the studies on Wnt10b, a Wnt protein that activates b-catenin-dependent Wnt signaling and has been shown to function as an inhibitor of adipogenesis. Mice that overexpress Wnt10b in adipocytes are resistant to both high-fat diet-induced and genetic obesity and exhibit improved insulin sensitivity compared with wild-type (WT) mice (22, 23) . While these studies demonstrate that forced overexpression of a canonical Wnt protein can block adipose tissue expansion, there is no in vivo evidence that genetic deficiency of any of the 19 endogenous Wnts can alter adipose tissue homeostasis. In addition, in contrast to the several studies that have focused on b-catenin-mediated canonical Wnt pathways in adipose tissue biology and energy homeostasis, the role of noncanonical Wnt proteins in metabolic function have not been examined previously.
Wnt5a is classified as a noncanonical Wnt protein because it predominantly activates b-catenin-independent signaling. In addition, Wnt5a is a particularly unique Wnt because cell culture studies suggest that it has a role in the modulation of the innate immune response (24) (25) (26) (27) (28) .
In the current study, we combine human, mouse, and cellular studies to provide evidence that Wnt5a-mediated noncanonical signaling promotes adipose tissue inflammation and contributes to obesity-associated IR independent of adipose tissue expansion.
RESEARCH DESIGN AND METHODS

Clinical Samples
Subcutaneous and visceral adipose tissue biopsies were collected intraoperatively during planned bariatric surgery in 31 obese patients (BMI = 45 6 1; age = 42 6 2 years). Subcutaneous adipose tissue was collected from the lower abdominal wall and visceral tissue from the greater omentum, respectively. Patient characteristics are summarized in Supplementary Table 1 . The study was approved by the Boston Medical Center Institutional Review Board, and it was conducted in accordance with the Declaration of Helsinki. All subjects gave written informed consent.
Mice
Mice with whole-body, inducible Wnt5a ablation (Wnt5a-knockout [KO] mice) were generated by crossing Wnt5a-floxed mice (29) with UBC-Cre/ERT2 mice (The Jackson Laboratory). Wnt5a deletion was induced by intraperitoneal injection of tamoxifen (75 mg/kg) for 7 consecutive days at 6 weeks of age. Tamoxifen was injected to both Cre + mice (Wnt5a-KO) and Cre 2 littermates (WT controls). Mice with myeloid-restricted Wnt5a ablation (Mye-Wnt5a-KO mice) were generated by crossing Wnt5a-floxed mice with LysM-Cre mice (The Jackson Laboratory). Mice with myeloid-restricted Wnt5a overexpression (Mye-Wnt5a-TG mice) were generated by crossing LysM-Cre mice with knock-in mice carrying a Cre-inducible Wnt5a transgene. Wnt5a-KO and Mye-Wnt5a-KO mice were in a C57Bl/6J background. Mye-Wnt5a-TG mice were in a C57Bl/ 6J-Tyr,c-2J. (albino C57Bl/6) background. Littermate controls were used for all the experiments. Mice were maintained on a 12-h light/dark schedule and given food and water ad libitum. Mice were fed either a standard chow diet (2018 Teklad Global 18% Protein Rodent Diet, Harlan Laboratories) or a high-fat/high-sucrose (HFHS) diet (F1850, Bio-Serv), as indicated. The composition of the HFHS diet was 35.8% fat (primarily lard), 36.8% carbohydrate (primarily sucrose), and 20.3% protein.
For the obesogenic diet feeding, 8-week-old mice were maintained on HFHS diet for 12 weeks. The Institutional Animal Care and Use Committee of Boston University approved all study procedures.
Metabolic Measurements
For glucose tolerance tests (GTTs), mice were injected intraperitoneally with 1 g glucose/kg body weight after a 16-h fast. Blood glucose levels were measured with an Accu-Chek glucometer (Roche Diagnostics) immediately before and 15, 30, 60, 90, and 120 min after glucose injection. Insulin tolerance tests (ITTs) were performed on 5-h-fasted mice injected intraperitoneally with 0.6 units/kg human insulin (Humulin R, Eli Lilly and Company). Blood glucose levels were determined as described above. Area under the curve (AUC) values were calculated with the GraphPad Prism software (GraphPad Software Inc.).
Histology
Epididymal fat samples were fixed in 10% formalin, dehydrated, and embedded in paraffin. The 5-mm-thick histological sections were stained with hematoxylin and eosin (Sigma-Aldrich) to examine tissue morphology. For quantification of crown-like structure (CLS) frequency in epididymal fat sections, CLSs were defined as necrotic-like adipocytes completely surrounded by nonadipocyte cells. At least 1,000 adipocytes per mouse were analyzed.
Isolation of Stromal Vascular Fractions From Adipose Tissue
Epididymal fat pads from HFHS-fed mice were excised, minced in PBS, and digested with 1 mg/mL collagenase type 1 (Worthington Biochemical Corporation) at 37°C for 30 min. The digested fat tissue was filtered through a mesh and centrifuged at 1,000 rpm for 5 min to separate floating adipocytes from the stromal vascular fraction (SVF; pellet).
Cell Culture and Treatments
Bone marrow (BM)-derived macrophages were obtained from suspensions of femoral BM that were differentiated for 7 days in the presence of DMEM supplemented with antibiotics, 10% FBS, and 15% L929-cell conditioned medium as a source of macrophage colony-stimulating factor. Thioglycollate-elicited macrophages were obtained from the peritoneal cavity of mice 4 days after intraperitoneal injection of 1 mL of aged 4% Brewer thioglycollate broth.
Peritoneal macrophages were treated for 24 h with a 500 mmol/L saturated free fatty acid (sFFA) solution containing equimolar amounts of palmitic and myristic acids in DMEM supplemented with free fatty acid (FFA)-free BSA (Sigma-Aldrich). A 4:1 FFA:BSA ratio was used.
Gene Expression Analysis by Quantitative RT-PCR
Total RNA from tissues and cultured cells was obtained using QIAzol reagent and RNeasy Mini Kits (Qiagen). RNA (0.5-1.5 mg) was retrotranscribed with High Capacity cDNA Synthesis Kits (Life Technologies). Quantitative RT-PCR (qRT-PCR) was performed with Power SYBR Green reagent (mouse gene expression studies) or TaqMan gene expression assays (human gene expression studies) in a ViiA7 PCR system (Life Technologies). Primers for mouse gene expression studies are shown in Supplementary Table 2. TaqMan assays for human gene expression studies were from Life Technologies. Results were analyzed with the ΔΔCt method using 36B4 expression as reference for normalization in mouse samples and GAPDH as reference for human samples.
Western Blot Analysis
Protein extracts from tissue and cultured cells were obtained using ice-cold lysis buffer (Cell Signaling Technology) supplemented with protease and phosphatase inhibitors (Roche Applied Science). Equal amounts of protein lysates were resolved by SDS-PAGE. The following antibodies were used for immunoblotting: rabbit polyclonal anti-human Wnt5a (Abcam); rat monoclonal anti-mouse Wnt5a (R&D Systems); and rabbit monoclonals anti-Akt, phospho-Akt(Ser473), phospho-Akt(Thr308), Jun NH 2 -terminal kinase (JNK), phospho-JNK, and GAPDH (Cell Signaling Technology).
Statistical Analysis
Data are shown as mean 6 SEM unless otherwise stated. Statistical significance of differences between two groups was assessed by paired or unpaired Student t tests. Experiments with three or more groups were evaluated by one-or two-way ANOVA with post hoc Dunnet, Sidak, or Tukey multiple comparison tests. Results of GTT and ITT experiments were evaluated by two-way repeatedmeasures ANOVA. All statistical tests were performed using GraphPad Prism software.
RESULTS
Differential Expression of Wnt Signaling Proteins in Visceral and Subcutaneous Fat of Obese Human Individuals
To investigate the role of Wnt signaling in adipose tissue dysfunction in humans, we evaluated the expression of different Wnt proteins in visceral and subcutaneous fat obtained from 31 obese individuals at the time of bariatric surgery. We found a marked increase of WNT5A gene expression in human visceral versus subcutaneous fat, whereas the expression of WNT11, another noncanonical Wnt, or the expression of the prototypical canonical Wnt genes WNT3A and WNT10B were comparable between both depots (Fig. 1A) . WNT5A expression was also significantly elevated in human visceral fat at the protein level (Fig. 1B) , and its transcript levels in this fat depot correlated positively with waist-to-hip ratio (Fig. 1C) , a clinical parameter that is strongly associated with cardiometabolic risk. Overall, these data suggest the possibility that Wnt5a-mediated noncanonical signaling contributes to visceral adipose tissue dysfunction and associated metabolic impairment in obese human individuals.
Wnt5a Ablation Inhibits Obesity-Induced Adipose Tissue Inflammation and Metabolic Dysfunction in Mice
Previous attempts to evaluate the effects of endogenous Wnt5a in the adult have been limited by the perinatal lethality of conventional Wnt5a-nullizygous mice (30) . To overcome this limitation, we generated whole-body inducible Wnt5a-deficient mice (Wnt5a-KO) by intercrossing Wnt5a-floxed mice (29) with mice expressing the tamoxifen-inducible Cre/ERT2 recombinase under the control of the ubiquitously expressed human ubiquitin C promoter ( Supplementary Fig. 1A ). qRT-PCR ( Fig. 2A) and Western Blot analysis (Fig. 2B ) demonstrated that Wnt5a expression was efficiently suppressed in WAT of Wnt5a-KO mice after tamoxifen administration at 6 weeks of age. These mice exhibited an apparently normal phenotype with no obvious anatomical difference with their WT littermates. When fed standard chow diet, Wnt5a-KO mice exhibited normal body weight ( Supplementary Fig. 1B ) and glucose homeostasis, as assessed by GTT ( Supplementary Fig. 1C ) and ITT ( Supplementary Fig. 1D ). Compared with lean mice, Wnt5a expression was upregulated in WAT of obese mice (Fig. 2C) . Thus, to evaluate the role of endogenous Wnt5a in obesity-induced metabolic dysfunction, Wnt5a-KO and WT littermates were fed an obesogenic HFHS diet for 12 weeks. As expected, HFHS feeding of WT mice caused glucose intolerance and IR. However, Wnt5a ablation substantially attenuated this impairment of glucose metabolism in obese mice ( Fig. 2D and E) . Consistently, HFHS-fed Wnt5a-KO mice exhibited reduced insulin and glucose levels compared with WT littermates. A similar, but statistically nonsignificant, trend was observed in fasted mice ( Fig. 2F and G) .
Previous cell culture studies have suggested that Wnt signaling can modulate two of the main cellular processes that are typically deregulated in dysfunctional WAT, namely, adipogenesis and inflammation. Therefore, we evaluated these cellular processes in WAT of Wnt5a-KO mice fed an HFHS diet. No differences were observed in total body weight (Supplementary Fig. 2A ), percentage body fat assessed by MRI ( Supplementary Fig. 2B ), or weight of epididymal, perirenal, and mesenteric fat depots ( Supplementary Fig. 2C -E) between Wnt5a-KO mice and WT controls, suggesting that Wnt5a does not affect adipogenesis. Consistent with this interpretation, no differences could be detected in adipocyte size ( Supplementary  Fig. 2F ) or adipose tissue expression of the adipogenic transcription factors Pparg and Cebpa or the adipocyte marker genes Glut4, Lpl, and Apn between WT and Wnt5a-KO mice fed HFHS diet ( Supplementary Fig. 2G ). In contrast, epididymal WAT of obese Wnt5a-KO mice exhibited lower expression of the proinflammatory cytokines tumor necrosis factor-a (TNF-a), CCL2/MCP-1, and interleukin (IL)-6 ( Fig. 3A) , suggesting that Wnt5a controls WAT inflammation. Supporting this notion, reduced expression of the macrophage-specific transcripts F4/80 and CD68 was found in the epididymal fat of Wnt5a-KO mice, as well as lower mRNA levels of CD11c, a marker of proinflammatory adipose tissue macrophages (Fig. 3B) . The frequency of CLSs, clusters of macrophage content that are a major histological feature of inflamed adipose tissue (31), was lower in histological sections of obese Wnt5a-KO WAT (Fig. 3C ). These data suggest that Wnt5a contributes to obesity-associated WAT inflammation but not to defective adipogenesis and fat pad expansion.
Myeloid-Restricted Ablation of Wnt5a Reduces Adipose Tissue Inflammation and Improves Glucose Metabolism in Obese Mice
Although Wnt5a can be expressed by a variety of cell types, evidence demonstrates that macrophages are a significant source of this protein in adult tissues (25, 27, 28, 32, 33) . Furthermore, inflammatory stimuli upregulate Wnt5a expression, at least in part, via nuclear factor-kB-mediated transcriptional activation through a conserved binding site in both human WNT5A and mouse Wnt5a genes (25, 34, 35) . Emerging studies suggest that sFFAs promote inflammatory responses in adipose tissue macrophages (36) . In this regard, treatment of primary macrophages with a mixture of sFFAs was found to significantly increase the expression of Wnt5a at the levels of transcript and protein. Under these conditions, Wnt5a upregulation was blocked by pretreatment with a pharmacological inhibitor of nuclear factor-kB signaling ( Fig. 4A and B) .
Based on these observations, the role of macrophagederived Wnt5a in obesity-associated metabolic dysfunction was evaluated by generating mice deficient in Wnt5a specifically in myeloid cells (Mye-Wnt5a-KO mice). MyeWnt5a-KO mice were obtained by intercrossing Wnt5a-floxed mice with lysozyme M-Cre (LysM-Cre) mice. In this model, Wnt5a levels were reduced by ;80% in cultured primary macrophages derived from BM (data not shown) and by ;50% in the SVF of epididymal WAT of HFHS-fed Mye-Wnt5a-KO mice (Fig. 4C and D) , demonstrating that myeloid cells are a significant, but not exclusive, source of Wnt5a in WAT. Consistent with the partial ablation of Wnt5a expression, HFHS-fed Mye-Wnt5a-KO mice exhibited, in general, a milder phenotype than whole-body Wnt5a-KO mice. However, myeloid-restricted inactivation of Wnt5a was sufficient to significantly improve glucose metabolism in obese mice, as assessed by GTT and ITT experiments ( Fig. 4E and F) , without affecting body weight (data not shown). In addition, obese Mye-Wnt5a-KO mice exhibited significant reductions in the expression of the proinflammatory cytokines TNF-a and IL-6 and the macrophage markers F4/80, CD68, and CD11c in WAT (Fig. 4G) . These data suggest that while Wnt5a expression is not exclusively restricted to macrophages, macrophage-derived Wnt5a significantly contributes to WAT inflammation and impaired glucose metabolism under conditions of metabolic stress.
Myeloid-Restricted Overexpression of Wnt5a Increases Adipose Tissue Inflammation and Worsens Glucose Metabolism in Obese Mice
Having demonstrated the role of endogenous Wnt5a in obesity-associated metabolic dysfunction, we next evaluated the effects of Wnt5a gain-of-function. Mice were generated that overexpress Wnt5a in myeloid cells (Mye-Wnt5a-TG) by intercrossing LysM-Cre mice with knock-in mice carrying a Cre-inducible Wnt5a transgene ( Supplementary  Fig. 3A) . Mye-Wnt5a-TG mice exhibited an approximately Fig. 3B ) or glucose homeostasis ( Supplementary Fig. 3C and D) were observed in mice fed standard chow diet. However, Mye-Wnt5a-TG mice fed HFHS exhibited increased glucose intolerance (Fig. 5B) and IR (Fig. 5C ), as well as increased serum insulin and blood glucose levels in the fed state ( Fig. 5D and E) . Under these conditions, the transgenic mice displayed augmented WAT inflammation, as revealed by the increased expression of the proinflammatory cytokines IL-6, TNF-a, and CCL2/MCP-1 (Fig. 6A ) and the macrophage markers F4/80, CD68, and CD11c (Fig. 6B) . Furthermore, obese Mye-Wnt5a-TG mice exhibited an increased frequency of CLSs (Fig. 6C ) compared with WT littermates.
While this gain-of-function model provides further support that Wnt5a plays a role in obesity-linked metabolic dysfunction through the control of adipose tissue inflammation, no differences were observed in body weight ( Supplementary Fig. 4A ), fat mass ( Supplementary Fig.  4B -E), adipocyte size ( Supplementary Fig. 4F ), or the expression of adipogenesis regulators and adipocyte markers ( Supplementary Fig. 4G ) when comparing obese WT and Mye-Wnt5a-TG mice. This indicates that Wnt5a overexpression does not affect adipogenesis.
Wnt5a-Induced Inflammation Contributes to Adipose Tissue IR
Wnt5a-induced noncanonical signaling is often mediated by JNK activation (37-41). Thus the effect of Wnt5a ablation on JNK signaling in WAT of obese mice was analyzed. While Wnt5a-KO and WT mice exhibited similar degrees of JNK phosphorylation in total WAT (Fig. 7A ), Wnt5a ablation led to a substantial decrease in JNK phosphorylation within the SVF of this tissue (Fig. 7B) .
Although the phosphorylation of both p54 and p46 JNK isoforms was inhibited, Wnt5a ablation led to a greater reduction of p54 phosphorylation. Macrophages are the most abundant immune cell in the SVF of WAT, and macrophage JNK signaling has recently been shown Figure 4 -Myeloid-restricted Wnt5a-KO ablation is sufficient to attenuate IR and adipose tissue inflammation in obese mice. Thioglycollateinduced peritoneal macrophages were isolated from C57Bl/6J mice, and Wnt5a expression was evaluated by qRT-PCR (A) or Western blot (B). Graphs show the average of three independent experiments. SVFs of epididymal WAT were collected by enzymatic digestion from HFHSfed Mye-Wnt5a-KO mice and WT littermates (n = 6 per genotype) and analyzed by qRT-PCR (C) and Western blot (D). E-G: Mye-Wnt5a-KO mice and WT littermates (n = 11 per genotype) were fed an HFHS diet for 12 weeks. E: GTT and corresponding AUC analysis. F: ITT and corresponding AUC analysis. G: qRT-PCR analysis of gene expression in epididymal WAT. Asterisk indicates the experimental group corresponding to the P value shown in the panel.
to be a major regulator of adipose tissue inflammation (42) . Consistent with these findings, recombinant Wnt5a was found to induce JNK activation in cultured BM-derived macrophages (Fig. 7C) . Interestingly, consistent with our observation in WAT-SVF, Wnt5a seemed to have a more pronounced effect on phospho-p54 levels in cultured macrophages. Furthermore, recombinant Wnt5a promoted the expression of TNF-a and IL-6 in macrophages in a JNK-dependent manner, as revealed by experiments with the JNK pharmacological inhibitor SP600125 (Fig. 7D) . In contrast, recombinant Wnt5a did not affect the expression of these proinflammatory cytokines in cultured 3T3-L1 adipocytes (data not shown). Overall, these results suggest that Wnt5a promotes adipose tissue inflammation via JNK signaling in macrophages. JNK signaling has been previously shown to modulate insulin sensitivity in WAT (43, 44) . Therefore, we evaluated whether Wnt5a ablation affects insulin signaling in this tissue. As shown in Supplementary Fig. 5A , HFHS feeding suppressed insulin-induced Akt phosphorylation in WAT of WT mice, but not that of Wnt5a-KO mice. Conversely, Wnt5a overexpression in myeloid cells further impaired insulin signaling in WAT of obese mice ( Supplementary Fig. 5B ). In contrast, in vitro studies showed that treatment with recombinant Wnt5a protein does not affect insulin-stimulated Akt activation in cultured 3T3-L1 adipocytes ( Supplementary Fig. 6A ), thus suggesting that an indirect mechanism contributes to the effects of Wnt5a ablation on WAT insulin signaling in vivo.
Since it has been reported that macrophage-mediated inflammation suppresses insulin actions in adipocytes (45) (46) (47) , factors secreted by Wnt5a-treated macrophages were tested for their ability to inhibit insulin-induced Akt activation in cultured adipocytes. In this experiment, 3T3-L1 adipocytes were treated with the conditioned medium of macrophages exposed to recombinant Wnt5a or vehicle. The Wnt5a/macrophage conditioned media significantly inhibited insulin-stimulated Akt phosphorylation in 3T3-L1 adipocytes (Supplementary Fig. 6B ). Notably, this Wnt5a-induced inhibitory effect was lost in the conditioned medium of macrophages treated with the JNK pharmacological inhibitor. These data suggest that Wnt5a contributes to IR in WAT in an indirect manner, i.e., by promoting JNK-dependent macrophage proinflammatory activation.
IL-6 Has a Pivotal Role in Mediating the Effects of Wnt5a on Obesity-Induced Metabolic Dysfunction
Adipose tissue dysfunction contributes to systemic metabolic dysfunction by generating a low-grade systemic chronic inflammatory response. Therefore, we next evaluated the effects of Wnt5a on blood levels of TNF-a and IL-6, two cytokines that are widely accepted markers of systemic inflammation and are modulated by Wnt5a in WAT of obese mice. Plasma levels of TNF-a were undetectable or very low in most samples regardless of Wnt5a genotype (data not shown). In contrast, Wnt5a ablation significantly reduced circulating levels of IL-6 in HFHS-fed mice (Fig. 8A) . Conversely, plasma IL-6 levels were increased in Mye-Wnt5a-TG mice compared with WT controls (Fig. 8B) , suggesting a central role for this cytokine in the effects of Wnt5a on obesity-induced metabolic dysfunction. To test this possibility, we evaluated whether increasing circulating IL-6 levels was sufficient to restore IR in obese Wnt5a-KO mice. Wnt5a-KO mice and WT littermates were fed HFHS diet for 12 weeks and then infused with a low dose of recombinant IL-6 (5 ng/kg/day) for 5 days via subcutaneous osmotic pumps. This treatment resulted in increased plasma levels of IL-6, which were comparable between WT and Wnt5a-KO mice after infusion (Fig.  8C) . Notably, IL-6 delivery was sufficient to restore IR in HFHS-fed Wnt5a-KO mice to levels comparable to WT mice, while having a negligible effect on this parameter in WT mice (Fig. 8D) . Overall, these data support a causal role for increased IL-6 secretion by WAT in Wnt5a-induced systemic IR. Further supporting this notion, we found that impaired insulin signaling in 3T3-L1 adipocytes treated with the conditioned medium of Wnt5a-stimulated macrophages was improved to levels comparable to control cells by the addition of an IL-6-neutralizing antibody (Supplementary Fig. 6C ).
DISCUSSION
Visceral adiposity is strongly associated with IR and associated metabolic dysfunction in humans. However, the mechanisms underlying this association remain relatively ill defined from a molecular perspective. Several studies have shown that visceral and subcutaneous adipose tissue exhibit different expression patterns for many developmental genes (13) (14) (15) . However, the role of most of these developmental genes in obesity-associated metabolic dysfunction has not been evaluated in detail using mouse genetic models. In this study, we focused on Wnt proteins, master regulators of embryonic development, because no studies have examined the role of endogenous Wnt signaling proteins in metabolic control using targeted gene ablation approaches. In the present work, we analyzed two different loss-of-function mouse models and one gain-of-function model to evaluate in vivo the role of Wnt5a-mediated noncanonical Wnt signaling in obesity-associated metabolic dysfunction. We show that noncanonical Wnt5a signaling plays an essential role in obesity-induced WAT inflammation and metabolic dysfunction, and that it is sufficient to promote IR under conditions of overnutrition. These findings provide causal evidence and mechanistic insight supporting the observations of recent human studies that found an association between increased circulating Wnt5a levels and IR (48, 49) .
Our results demonstrate that Wnt5a promotes IR in obese mice via heightened macrophage-mediated WAT inflammation. We show that whole-body ablation of Wnt5a prevents obesity-induced IR and decreases macrophage content and proinflammatory cytokine expression in WAT. Although to a lesser extent than whole-body Wnt5a deficiency, myeloid-restricted ablation of Wnt5a is sufficient to attenuate obesity-induced WAT inflammation and systemic IR in spite of leading to a partial inhibition of Wnt5a gene expression in WAT. These data demonstrate that myeloid cells are a significant, but not exclusive, source of Wnt5a in WAT. Consistently, previous studies have reported Wnt5a expression in endothelial cells (50) and mesenchymal stem cells (51) , two other cell types relatively abundant in WAT. Regardless of other potential cellular sources of Wnt5a, our observations support a model where macrophage-derived Wnt5a plays a central role in WAT inflammation by promoting proinflammatory activation of adipose tissue macrophages in an autocrine/paracrine manner. Consistent with this notion, myeloid-specific overexpression of Wnt5a leads to greater WAT inflammation in obese mice. These data are also consistent with the widely accepted notion that Wnt proteins signal in a local fashion, mostly via autocrine/ paracrine mechanisms, due to their strong interactions with the cell membrane and the extracellular matrix. Interestingly, we also found that sFFAs upregulate Wnt5a expression in macrophages, thus suggesting that Wnt5a signaling may be particularly relevant in the context of CLSs, which are comprised of lipidscavenging macrophages surrounding free lipid droplets of dead adipocytes (31) . Supporting this notion, we found that Wnt5a deficiency is associated with fewer CLSs, whereas transgenic overexpression of Wnt5a promotes CLS formation.
Previous cell culture studies using recombinant Wnt5a protein or forced overexpression of Wnt5a have reached conflicting conclusions regarding the role of Wnt5a in inflammation. While some reports support that Wnt5a has a proinflammatory activity in monocytes/macrophages (24) (25) (26) (27) and endothelial cells (52) , other studies suggest that Wnt5a induces the formation of tolerogenic/ immunosuppressive dendritic cells (53, 54) and macrophages (55) . To shed light on the roles of Wnt5a, our study used Wnt5a gain-and loss-of-function strains, representing the first evaluation of noncanonical Wnt signaling in an inflammatory process in vivo. These data support the proinflammatory actions of Wnt5a. Interestingly, some studies have reported that canonical Wnt signaling has anti-inflammatory effects in various settings (56) (57) (58) (59) , thus suggesting opposing roles for canonical and noncanonical Wnt signaling in immune regulation.
Signaling by Wnt proteins is modulated by a large number of secreted inhibitors. We recently reported that one of these secreted inhibitors, secreted frizzled related protein 5 (Sfrp5), can function as an anti-inflammatory adipokine, which is expressed in the adipose tissue of lean mice but downregulated in severely obese mice (60) . Sfrp5-deficient mice exhibit impaired insulin sensitivity and increased adipose tissue inflammation compared with WT mice when fed a prolonged HFHS diet. Sfrp5 had been previously shown to bind and inhibit noncanonical Wnt proteins (61) . Based on these data, it was hypothesized that the anti-inflammatory activities of Sfrp5 are mediated, at least in part, by inhibition of noncanonical Wnt signaling. However, this hypothesis and the anti-inflammatory actions of Sfrp5 have been challenged by a study of mice harboring a hypomorphic allele of Sfrp5 derived from a genomic N-ethyl-N-nitrosoureamutagenesis approach (62) . Our study sheds light onto this controversy by demonstrating the proinflammatory effects of noncanonical Wnt signaling in obese adipose tissue and further supports the existence of a Sfrp5/Wnt5a regulatory system that modulates WAT inflammation in obesity. Also consistent with this hypothesis, a recent study found that Wnt5a expression in WAT is significantly reduced in adiponectin-overexpressing mice (63) . Thus it is possible that suppression of Wnt5a is a common mechanism by which both Sfrp5 and adiponectin exert their anti-inflammatory activities.
Adipogenesis is one of the main driving forces of adipose tissue expansion in response to excessive caloric intake. Canonical Wnts have been reported to inhibit adipogenesis (18) (19) (20) (21) (22) (23) . However, the role of noncanonical Wnt signaling in this cellular process is more controversial. Several in vitro studies have previously investigated the role of Wnt5a in adipogenesis, with conflicting results (33, (64) (65) (66) . A study with heterozygous, germ-line Wnt5a-KO mice showed that partial deficiency of Wnt5a leads to increased number of adipocytes in the BM, and mechanistic experiments suggested that this antiadipogenic effect of Wnt5a was secondary to Nemo-like kinasemediated peroxisome proliferator-activated receptor-g (PPARg) repression in mesenchymal stem cells (67) . In marked contrast, other studies show that Wnt5a upregulates PPARg expression in cultured preadipocytes (65) and promotes adipogenesis (64, 65) . Furthermore, the same Wnt5a/Nemo-like-kinase pathway is reported to inhibit antiadipogenic b-catenin signaling (68), which further suggests a proadipogenic role of Wnt5a. However, none of these studies evaluated the role of Wnt5a in WAT adipogenesis in vivo. Here we show that neither Wnt5a ablation nor overexpression affect body weight, body fat mass, adipocyte size, expression of PPARg, or expression of various adipocyte markers in WAT of obese mice. These results suggest that Wnt5a does not affect the adipogenic expansion of WAT in mice.
Noncanonical Wnt signaling comprises an array of frequently overlapping pathways with two main branches: the planar cell polarity or Wnt/JNK pathway and the Wnt/Ca 2+ pathway. JNK signaling is particularly relevant in the setting of obesity-induced adipose tissue inflammation and IR (42) (43) (44) 69 ). Thus we hypothesized that the proinflammatory effects of Wnt5a in WAT are mediated by exacerbated JNK signaling. In this regard, we found that recombinant Wnt5a activates JNK signaling and promotes the expression of the proinflammatory cytokines TNF-a and IL-6 in a JNK-dependent manner in cultured macrophages, consistent with a previous report (60) . Previous studies have shown that JNK1 deficiency in nonhematopoietic cells reduces adiposity in mice (69) . In contrast, deficient macrophage JNK signaling protects against obesity-induced WAT inflammation and IR without any change in adiposity (42, 69) . Similarly, we found that Wnt5a ablation reduces WAT inflammation and improves systemic glucose homeostasis, without any effects in body weight or fat mass. These phenotypic similarities between macrophage JNKdeficient models and Wnt5a-deficient mice strongly support our hypothesis that Wnt5a promotes WAT inflammation and associated metabolic dysfunction via increased JNK signaling in macrophages. Overall, these data suggest the existence of a Wnt5a/JNK signaling axis that controls the inflammatory microenvironment of the adipose tissue without affecting fat pad expansion.
Adipose tissue inflammation contributes to systemic metabolic dysfunction, at least in part, by generating a low-grade systemic chronic inflammatory response. Plasma IL-6 is a widely accepted marker of systemic inflammation in obese individuals. Although the role of IL-6 in metabolism is complex and studies with IL-6-deficient mice have given rise to inconsistent data in different studies (70) (71) (72) (73) , gain-and loss-of-function studies with recombinant IL-6 or IL-6-neutralizing antibodies strongly suggest that IL-6 promotes IR in vivo (74, 75) . Furthermore, elevated circulating IL-6 levels are associated with IR (76-78) and are predictive for the development of type 2 diabetes in humans (79) . A number of previous in vitro studies have shown that Wnt5a induces IL-6 expression in several cell types (26, 52, 54, 60) . Consistent with these findings, we observed that recombinant Wnt5a increases IL-6 expression in macrophages and that improved insulin sensitivity in obese Wnt5a-KO mice is paralleled by lower plasma levels of IL-6. Conversely, Wnt5a overexpression led to increased plasma IL-6 levels. These data suggested that IL-6 plays a pivotal role in mediating the effects of Wnt5a in obesity-induced IR. Supporting this notion, increases in circulating IL-6 levels via recombinant IL-6 delivery restored systemic IR in obese Wnt5a-KO mice, while this level of IL-6 had no statistically significant effect in WT mice.
Finally, we provide human data suggesting that Wnt5a-mediated noncanonical signaling contributes to visceral adipose tissue dysfunction in obese individuals. We found that transcript expression of the prototypical Wnt genes WNT3A and WNT10B was comparable between depots, thus suggesting that canonical Wnt signaling does not contribute to the metabolic dysfunction that is attributed to visceral adipose tissue. In contrast, WNT5A expression was significantly higher in visceral fat. Interestingly, human obesity is associated with increased JNK signaling in visceral fat, but not in subcutaneous fat (80) . In addition, indexes of visceral adiposity have been shown to be associated with increased circulating levels of IL-6, but not of other proinflammatory cytokines such as TNF-a (81, 82) . Based on these findings, it is tempting to speculate that Wnt5a is a major contributor to exacerbated JNK signaling and increased IL-6 production in visceral fat, which likely plays an important role in the increased fat inflammation and metabolic dysfunction typically seen in individuals with visceral obesity.
Taken together, our studies suggest that Wnt5a-induced noncanonical signaling contributes to the development of adipose tissue inflammation and the metabolic complications associated with obesity. Wnt5a has these effects independently of adipogenesis, adipocyte hypertrophy, or adipose tissue expansion. Future studies are warranted to assess the therapeutic potential of acute Wnt5a-blocking strategies in the setting of obesity and visceral adipose tissue dysfunction. mouse adipose tissue studies. T.P.Y. generated and provided mouse strains. N.G. collected and analyzed human samples. K.W. conceived the study, analyzed the data, and wrote the manuscript. All authors read and approved the manuscript. K.W. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
